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Introduction
Omega-3 polyunsaturated fatty acids (PUFAs) have attracted increasing attention in recent years due to claims of their beneficial role in the promotion of health and reduction in the risk of various diseases, such as cardiovascular diseases, type 2 diabetes, cancer, cognitive decline, neurodegenerative diseases, and mental disorders (Shahidi, 2015; Shahidi and Ambigaipalan, 2018; Lange, 2019a,b,c) . Marine oils, rich in omega-3 PUFAs, have therefore become one of the most popular dietary supplements globally (Barnes et al., 2008) . However, even when seemingly natural and healthy nutrients are administered, adverse effects should also be considered.
A consideration in regard to undesired side effects of omega-3 PUFAs is the form in which they are administered. Both dietary consumption and supplement intake could be problematic. Several potential risks need to be considered when omega-3 PUFAs are administered as part of the diet. An important natural source of these bioactives is fish and seafood; these may be contaminated with methylmercury, dioxins, and polychlorinated biphenyls, which may increase the risk for some cancers or may harm unborn children when consumed by the mother during pregnancy (Mozaf-Adverse effects of omega-3 supplements Lange et al. farian and Rimm, 2006) . The consumption of fish once or twice a week has been claimed to be unproblematic in this respect (Mozaffarian and Rimm, 2006) . However, endocrine disruptors contained in fish and fish oil, such as bisphenols and small amounts of pesticides, may be associated with hormonal-based cancers, including prostate cancer (Gerber, 2012) . Omega-3 fatty acid supplements may also contain contaminants. Commercially available fish-oil capsules should therefore be assessed for pollutants and certified by health agencies.
Intervention trials with omega-3 fatty acid supplements have reported no serious adverse reactions at the doses administered (Sydenham et al., 2012) . The more common adverse effects of fish oil preparations, particularly in higher dosages, include nausea, fishy belching and loose stools (Mehta, 2004) . These effects have caused the blinding of some of the earlier treatment studies of fish oils to be questioned (Damico et al., 2002) . While, in general, omega-3 PUFAs do not seem to have clinically relevant effects on bleeding time (Eritsland et al., 1995) , caution is needed when administering high doses, since these have been shown to prolong bleeding time (Emsley et al., 2002; Emsley et al., 2006) . Since clinical researchers tend to distance themselves from adverse events (Ioannidis, 2009) , underreporting of such events is common.
When similar rates of adverse events for omega-3 PUFAs compared with placebo are reported, this concerns unwanted effects in the short term only. A commonly neglected consideration is that adverse effects of omega-3 PUFAs may occur many years following supplementation and may therefore fail to be detected. Randomized controlled trials are the gold standard for measuring treatment effects. However, randomized clinical drug trials are often underpowered to detect late occurring and rare adverse effects. In contrast, non-randomized studies can include much larger samples and can follow patients for considerably longer periods in comparison with randomized trials, allowing for detection of rare and late adverse events. While non-randomized studies are of limited use in establishing the benefits of drugs, they appear more reliable in establishing harms.
A variety of observational and epidemiological studies can provide information regarding potential harms of PUFA supplementation. Available studies suggest that long-term administration of omega-3 PUFAs could cause adverse effects due to the PUFAs themselves, compounds produced by PUFA oxidation or antioxidants added to PUFA supplements, such as vitamin E.
Omega-3 fatty acids
On the basis of epidemiological, clinical, and experimental studies, it is commonly assumed that omega-3 PUFAs reduce the risk of various kinds of cancer (for review see Shahidi and Ambigaipalan, 2018) . These purported effects are supported by several clinical studies. However, some systematic reviews have reported that the available evidence is insufficient to suggest a significant relationship between omega-3 PUFAs and cancer incidence (e.g. MacLean et al., 2006; Gerber, 2012) . Factors that may have influenced the inconsistent results of omega-3 PUFAs in relation to cancer include differences in the amount, source, type, and form (ethyl esters or triacylglycerols) of omega-3 PUFAs, the ratio of omega-6 to omega-3 PUFAs, the proportions of EPA, DHA and docosapentaenoic acid in the preparations, and genetic factors (Berquin et al., 2007) .
The findings of several studies suggest that the intake of omega-3 fatty acids can be associated with an elevated cancer risk.
For example, a prospective study from Norway investigating the relationship between diet, as assessed using a semi-quantitative food-frequency questionnaire, and the subsequent risk of cutaneous malignant melanoma in 50,757 individuals attending a health screening program (mean follow-up time of 6.9 years) found that cod liver oil supplementation and the intake of polyunsaturated fat were associated with a significantly increased risk of melanoma in women (Veierød et al., 1997) .
Inflammation appears to play a role in carcinogenesis, including in the etiology of prostate cancer (Sfanos and De Marzo, 2012; Wang et al. 2009 ). Omega-3 PUFAs may have anticarcinogenic effects due, in part, to their anti-inflammatory activity (Larsson et al. 2004; Chapkin et al. 2009 ). However, a large prospective study examining the relationship between inflammation-associated phospholipid fatty acids and prostate cancer risk found no support for the claim that omega-3 fatty acids reduce the risk (Brasky et al., 2011) . The findings of this study, in fact, suggest that docosahexaenoic acid (DHA) may increase high-grade prostate cancer risk (Brasky et al., 2011) . Another large, prospective case-cohort study confirmed the finding of an elevated prostate cancer risk among men with high blood levels of omega-3 PUFAs. Statistically significant increases in risk were found for high-grade (by 71%) and low-grade (by 44%) disease and for eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and DHA (Brasky et al., 2013) . In a case-control study, an increase in prostate cancer risk was observed in the highest compared to the lowest quintile of plasma phospholipid EPA and DPA, by 14% and 16%, respectively (Crowe et al., 2014) . Although the above correlations do not provide conclusive evidence that the consumption of fish oil supplements or fish causes prostate cancer, the consistency of the results suggests that omega-3 fatty acids may be a factor in prostate tumorigenesis. The associations between prostate cancer and exposure to omega-3 fatty acids, as assessed by their blood levels, cannot distinguish between fish consumption and omega-3 supplementation. In addition, omega-3 PUFA supplements contain other compounds, such as oxidation products and vitamin E, which may be related to carcinogenesis.
Oxidation products of omega-3 fatty acids
As early as the 1950s, concerns were raised regarding the safety of oxidized fish oil (Kaneda and Ishii, 1953; Matsuo, 1954) . The toxic effects of some fish and marine animal oils in rats (Sahashi, 1933; Somekawa, 1933) were shown not to be caused by fish oil per se but rather by its oxidized form (Kaneda and Ishii, 1953; Matsuo, 1954) .
Omega-3 PUFAs are highly prone to oxidation due to the large number of double bonds in their chemical structures (Arab-Tehrany et al., 2012; Benzie, 1996; Shahidi and Zhong, 2010) . Oxidized fish oils could have altered biological activity rendering them ineffective or even harmful. The oxidation of PUFAs leads to the formation of free radicals as demonstrated both in vitro and in vivo (Spiteller, 2005) . Omega-3 PUFAs are oxidized to primary lipid hydroperoxides and secondary oxidation products, i.e. aldehydes and ketones (Albert et al., 2013; Arab-Tehrany et al., 2012; Shahidi and Zhong, 2010) . In cascade-like chain reactions, lipid peroxides hasten oxidation of other fatty acids, producing further lipid peroxides. The radicals and lipid peroxides formed following omega-3 PUFA oxidation are relatively stable compared to other reactive oxygen species (Gutowski and Kowalczyk, 2013) . It has been speculated that omega-3 peroxides may lead to lipid membrane peroxidation, cell damage, and oxidative stress (Albert Lange et al. Adverse effects of omega-3 supplements et al., 2013). Evidence of harmful effects of oxidized lipids has been provided by animal studies (Esterbauer, 1993) . The findings of such studies suggest that lipid peroxidation may contribute to the pathophysiological changes in inflammation-associated diseases, including neurodegenerative diseases (Grimm et al., 2016; Maruyama et al., 2014; Pamplona et al., 2005; Yakubenko and Byzova, 2017) . Chronic lipid peroxidation may be involved in the pathogenesis of Alzheimer's disease (Sayre et al., 1997) and in carcinogenesis (Bartsch and Nair, 2006) . The intake of marine oil leads to increased plasma (Haglund et al., 1991) and urinary (Piche et al., 1988) malondialdehyde levels in mice and humans, due to absorption of peroxidized oil and in vivo oxidation (Piche et al., 1988) , which can only partially be reduced by added antioxidants (Cho and Choi, 1994; Gonzalez et al., 1992; Piche et al., 1988) . Malondialdehyde has been shown to induce DNA mutations (Basu and Marnett, 1983) and to cause thyroid tumors and skin cancer in animals (Marnett, 1999) . Malondialdehyde exposure may also be related to an increased risk of breast cancer in women (Wang et al., 1996) . In conclusion, it is essential to use formulations that are able to effectively preserve omega-3 PUFA bioactivity.
In animal studies, DHA molecules can be protected from oxidation by using microencapsulated omega-3 PUFA formulations (Hogan et al., 2003; Kolanowski et al., 2004) . Dietary omega-3 supplements in humans should also be prevented from oxidizing. Even oils stored in the dark at 4 °C could oxidize to unacceptable levels within a few weeks of storage (Pak, 2005) . Commercially available omega-3 PUFA supplements have been shown to be frequently oxidized (Fantoni et al., 1996, Fierens and Corthout, 2007; Halvorsen and Blomhoff, 2011; Kolanowski, 2004; Opperman and Benade, 2013) . For example, the majority of fish oil supplements on sale in New Zealand were shown to contain PUFAs below the concentrations claimed by labels and also to be oxidized, with peroxide (primary oxidation product), anisidine (reflecting secondary oxidation products), and total oxidation values exceeding the recommended thresholds (Albert et al., 2015) . Another study from New Zealand found that 14−28% of fish oil products did not comply with voluntary industry-set maximum limits on peroxide, anisidine, and total oxidation values (Bannenberg et al., 2017) . In North America, 50% of over-the-counter omega-3 PUFA supplements have been found to fall below at least one of the voluntary safety standards recommended for primary and secondary oxidation as well as total oxidation (Jackowski et al., 2015) .
The antioxidant most commonly added to omega-3 supplements is α-tocopherol. Phenolic compounds appear to be efficient in delaying omega-3 PUFA oxidation (Hasiewicz-Derkacz et al., 2015) . Natural antioxidants such as myricetin, rosmarinic and carnosic acids have recently been demonstrated to be more effective in preventing oxidation of omega-3 PUFA oils than α-tocopherol and synthetic antioxidants (Guitard et al., 2016) . It should be emphasized, however, that the addition of antioxidants to fish oils decreases but does not prevent oxidation (Zuta et al., 2007) . New antioxidants should be investigated in future studies. For example, esters of DHA with the main tea polyphenol epigallocatechin gallate have been shown to help stabilize DHA and also provided an antioxidant preparation (Zhong and Shahidi, 2011) .
A randomized placebo-controlled study has investigated in humans the effects of oxidized versus non-oxidized oil administered for 7 weeks (Ottestad et al. 2012) . No difference was observed between groups in respect to markers of in vivo lipid peroxidation, markers of antioxidant activity, C-reactive protein, or liver function tests (Ottestad et al. 2012) . These findings suggest that oxidized marine omega-3 PUFAs may be unrelated to acute oxidative toxicity. However, the duration of this trial study was short, and long-term follow-up may be required to identify the health effects of chronic, low grade exposure to peroxides, aldehydes, or malondialdehyde. Furthermore, the study did not examine other important pathological markers, such as low density lipoprotein, specific inflammatory markers or markers of DNA damage.
Oxidation of trial oils may be responsible, at least partly, for the inconsistent effects of fish oil on health, including the primary and secondary prevention of cardiovascular disease (Bosch et al., 2012; Rizos et al., 2012; Wang et al., 2006; Yokoyama et al., 2007) . Omega-3 supplementation trials have not reported the oxidative status of the oils investigated. The influence of oxidation on the efficacy or potential harmful effects of the supplements therefore remains unknown. However, studies in animals have demonstrated that oxidized lipid products can cause harm. The 2010 conclusion of the European Food Standards Authority Panel on Biological Hazards in regard to fish oil consumed by humans that, "information on the level of oxidation of fish oil ……. and related toxicological effects in humans is lacking" (EFSA Panel on Biological Hazards, 2010), remains salient today.
Vitamin E
Many epidemiological studies have suggested preventive activity of vitamin E against cancer (Ju et al., 2010) . However, several large-scale trials assessing the effects of α-tocopherol, the most commonly used form of vitamin E, failed to find a cancer preventive effect Lee et al., 2005; Lippman et al., 2009) .
Based on findings suggesting that vitamin E intake is associated with a reduced prostate cancer risk (Chan et al., 1999; Kirsh et al., 2006) , the phase III, randomized, placebo-controlled Selenium and Vitamin E Cancer Prevention Trial (SELECT) of prostate cancer prevention was conducted, with incident prostate cancer as the primary endpoint (Lippman et al., 2009 ). The trial was terminated after 7 years of follow-up, since no beneficial effects of selenium, vitamin E, or a combination of both were found, and a statistically significant benefit was impossible to ascertain with additional follow-up (Lippman et al., 2009) . Furthermore, extended followup analysis found an elevated risk, by 17%, of incident prostate cancer in the vitamin E alone group (Klein et al., 2011) .
Several questions have been raised in regard to the association of vitamin E and cancer. For example, it has been proposed that, at the nutritional level, all forms of vitamin E are cancer preventive (Yang et al., 2012) , since many observations have suggested that the dietary consumption or plasma levels of α-tocopherol and other tocopherols correlates inversely with cancer risk (Helzlsouer et al., 2000; Huang et al., 2003; Mahabir et al., 2008; Ju et al., 2010) . However, at the supranutritional level, α-tocopherol administered as a supplement does not appear to be cancer preventive, as demonstrated in several cancer prevention trials Klein et al., 2011; Lee et al., 2005; Lippman et al., 2009 ). This view is supported by observations in animal models, which have shown the cancer preventive activity of γ-and δ-tocopherols as well as of a naturally occurring mixture of tocopherols, while cancer preventive activity of α-tocopherol was not apparent (for review see Yang et al., 2012) . This suggests that vitamin E, administered in the diet or via supplements rich in γ-and δ-tocopherols, is cancer preventive, while high doses of α-tocopherol supplements are not. Both mechanistic and preclinical animal studies have demonstrated that, in comparison with α-tocopherol, other forms of vitamin E, such as γ-tocopherol, δ-tocopherol, γ-tocotrienol, and δ-tocotrienol are more potent in inhibiting multiple cancer-promoting pathways and have far superior cancer preventive efficacy (Jiang, 2017) . The Adverse effects of omega-3 supplements Lange et al.
question of whether there are optimal ratios for these agents in regard to cancer prevention needs to be investigated. The measurement of baseline blood levels of the different forms of tocopherol is of importance, since cancer preventive effects may be confined to individuals with low blood levels (Yang et al., 2012) . In addition, the findings of recent gene-supplement interaction studies suggest that the effects of vitamin E on total risk of cancer (Hall et al. 2019a ) and risk of colorectal cancer (Hall et al., 2019b) may be influenced by genetic variation in catechol-O-methyltransferase (COMT), an enzyme that metabolizes catecholamines. This variation may increase the risk in some people while decreasing it in others. Pharmacogenetic analysis of COMT gene and cancer prevention in two large randomized trials revealed a statistically significant decline in colorectal cancer by alpha-tocopherol when COMT was inhibited by siRNA (Hall et al., 2019a) . Thus, further studies are required to examine the contributions of genetic variation to the efficacy and safety of vitamin E supplementation.
Conclusions
The supplementation of omega-3 PUFAs has been found to be associated with the promotion of health and a reduction in the risk of various diseases. However, a potential drawback of omega-3 supplements, particularly when administered at supra-physiological doses over prolonged periods of time, is the occurrence of unwanted adverse effects, such as various kinds of cancer. These may become apparent many years following supplementation and therefore elude detection.
Possible adverse effects of long-term administration of vitamin E added as an antioxidant to fish oil supplements need to be taken into consideration. While cancer preventive activity of vitamin E has been suggested by some epidemiological studies, large-scale human trials have shown increased rates of prostate cancer in men taking α-tocopherol supplementation. Further investigations are needed to assess the role of genetic variation as a determinant of the benefits and possible harms of vitamin E supplemented for health promotion.
Potentially negative health effects resulting from the consumption of oxidized lipids are a cause for concern. Omega-3 PUFAs oxidize easily during storage, with the result that PUFA supplements contain lipid peroxides and secondary oxidation products, while the levels of unoxidized fatty acids gradually diminish. PUFA oxidation can be reduced, but not prevented, by added antioxidants; little is known about the degree of lipid oxidation in omega-3 supplements. The composition of a fish oil supplement in terms of PUFA levels cannot therefore be inferred from the concentrations shown on the label. The oils in omega-3 supplements may differ substantially from those in fresh fish, and the supplements constitute a mixture of DHA, EPA, other fatty acids, additives, and unspecified concentrations of potentially harmful lipid peroxides and secondary oxidation products. The levels of oxidation found in several studies suggest that omega-3 PUFA supplements contain oxidized products exceeding voluntary industry standard levels. The biological effects and health consequences of the intake of oxidized fish oils remain largely unknown. Given the harmful effects of oxidized lipid products demonstrated in animal experiments and the paucity of available data in humans, it is not, at present, possible to draw a definitive conclusion as to whether fish oils are safe following oxidation. There is therefore an urgent need to examine the effects of oxidized oils on human health and to establish safe limits of oxidation for human consumption. In addition, new antioxidants and compounds stabilizing omega-3 fatty acids should be investigated.
In summary, short-term adverse effects of omega-3 PUFAs do not appear to give cause for concern. However, in view of potentially increased cancer risks associated with omega-3 supplementation, possibly due to PUFAs, oxidation products or added vitamin E, caution is advised in the recommendation of PUFA supplementation over extended periods of time. Deleterious effects of omega-3 PUFA supplements may be particularly relevant when administered during vulnerable phases of life, such as prenatal development, childhood, and adolescence. A balanced approach should carefully weigh potentially harmful effects of the supplementation of omega-3 PUFAs against their overall health benefits.
